First-principles calculations of the crystal structures, phase transition, and elastic properties of EuS have been carried out with the plane-wave pseudopotential density functional theory method. The calculated values are in very good agreement with experimental data as well as some of the existing model calculations. The dependence of the elastic constants, the aggregate elastic modulus, and the elastic anisotropy on pressure have been investigated. Moreover, the variation of the Poisson's ratio, Debye temperature, and the compressional and shear elastic wave velocities with pressure have been investigated for the first time. Through the quasi-harmonic Debye model, the thermal expansions, heat capacities, Grneisen parameters and Debye temperatures dependence on the temperature and pressure are obtained in the pressure range from 0 GPa to 60 GPa and temperature range from 0 K to 800 K.
I. INTRODUCTION
Rare-earth compounds attract considerable experimental and theoretical attention due to their interesting optical, magnetic and electronic properties [1−4] . Especially, europium chalcogenides have received renewed attention because of their technological importance [5−7] and their potential applications in spintronic and spin filtering devices [8] . Horne et al. used the ab initio self-interaction corrected (SIC) method to discuss the electronic structure of the Eu chalcogenides and pnictides in both the divalent and trivalent states [8] . Kunes and Pickett used the full potential linearized augmented planes waves (FP-LAPW) method to study the effective exchange parameters and the corresponding ordering temperatures of the (ferro)magnetic insulating Eu chalcogenides under ambient and elevated pressure conditions [9] . Goncharenko et al. studied magnetic interactions of Eu chalcogenides using neutron diffraction at very high pressures [10] . The calculation of the band-structure and the structural stability of the high-pressure phases of Eu chalcogenides have been investigated by Singh et al. using the tight-binding linear muffin-tin orbital method within the atomic sphere approximation (ASA) [11, 12] . Svane et al. gave the light of pressure-induced valence transitions in rare earth chalcogenides [13] . Recently, Rached et al. studied elastic properties of Eu chalcogenides using the fullpotential linear muffin-tin orbital (FP-LMTO) method * Author to whom correspondence should be addressed. E-mail: pengfengscu@gmail.com, Tel.: +86-379-62960015, FAX: +86-379-65526093 [14] . Temmerman et al. gave a review of pressure induced valence transitions in f-electron systems of Eu chalcogenides calculated with the self-interaction corrected local spin density (SIC-LSD) approximation [15] . Among the europium chalcogenides compounds very little information is available for EuS. In this work, we studied the elastic and the thermodynamic properties of EuS under pressure considering the phase transition. The high pressure phase transition and elastic properties of EuS from B1 (NaCl) to B2 (CsCl) are investigated in detail. All calculations are performed based on the plane-wave pseudopotential density-function theory (DFT).
II. CALCULATED DETAILS AND THEORY

A. Calculated details
Vanderbilt-type non-local ultrasoft pseudopotentials (USPP) [16] are employed to describe the electron-ion interactions. The effects of exchange-correlation interaction are treated with the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) [17] considering the spin polarized. In the structure calculation, a plane wave basis set with energy cut-off 680.00 eV is used. Pseudo-atomic calculations are performed for S3s 2 3p 4 and Eu4f 7 5s 2 5p 6 6s 2 . For the Brillouin-zone sampling, the 12×12×12 MonkhorstPack mesh [18] is adopted. The self-consistent convergence of the total energy is 10 −7 eV/atom and the maximum force on the atom is 10 −4 eV/Å. All the total energy electronic structure calculations are implemented through the CASTEP code [19] . [12] 101.19
B. Structure property
The energy-volume (E-V ) curve can be obtained by fitting the calculated E-V results to the BirchMurnaghan EOS [20] :
where E 0 is the equilibrium energy. Pressure P vs. the normalized volume V n is obtained through the following equation:
here B 0 and B 0 are the pressure derivative of the bulk modulus and zero pressure bulk modulus, respectively. To calculate the total energy E BM and the corresponding volume V for both phases, a series of different lattice parameters a are taken to obtain the total energy over a wide volume range from 0.6V 0 to 1.2V 0 , where V 0 is the zero pressure equilibrium primitive cell volume. Through these calculations, we can obtain the equilibrium a (Table I ). It is found that a and B are in good agreement with experimental data [7, 12] and other theoretical results [8, 13, 20, 21] , respectively. The ratio V /V 0 as a function of the applied pressure together with the experimental result is plotted in Fig.1 . Our obtained data are consistent well with the experiment [7, 12] .
The estimation of the zero-temperature transition pressure between B1 and B2 structures of EuS can be obtained from the usual condition of equal enthalpies, in other words, P , at which enthalpy H=E+P V of both phases is the same. Figure 2 shows the enthalpy as a function of the pressure for EuS. It indicates that the transition pressure from B1 to B2 is about 22.1 GPa. The datum agrees well with the experimental value of 21.5 GPa from Jayaraman et al. [7] and the calculated result of 21.1 GPa from Singh et al. [13] . But it is lower than the value of 27 GPa from Rached et al. [14] .
C. Elasticity
To calculate the elastic constants under hydrostatic pressures, the non-volume conserving strains are adopted because this method is consistent with our calculated elastic constants using the stress-strain coefficients, which are appropriate for the calculation of the elastic wave velocities. The elastic constants c ijkl , with respect to the finite strain variables are defined as [22−24] :
where c ijkl denotes the second-order derivatives with respect to the infinitesimal strain (Eulerian), and δ is the finite strain variable. For EuS (B1 or B2), there are three independent elastic constants, i.e. c 11 , c 12 , and c 44 . In our calculations, for all strains, δ=±0.0018, ±0.003, and ±0.0006 are taken to calculate the total energies E for the strained crystal structure, respectively. To make comparison with experimental results under hydrostatic pressure, the elastic constants C ij must be transformed into the observable c ij defined with respect to the finite strain variables [23−25] . C ij is transformed into c ij in the case of hydrostatic pressure P as follows:
From the independent elastic constants above, the theoretical polycrystalline elastic modulus can be obtained. There are two approximation methods to calculate the polycrystalline modulus, namely the Voigt method [26] and the Reuss method [27] . The Voigt G V and Reuss G R shear moduli are given by
The shear modulus G and bulk modulus B can be estimated by
The polycrystalline Young's modulus E, anisotropy factor A, and the Poisson's ratio σ are then calculated by
The elastic Debye temperature Θ can be estimated from the average sound velocity v m , by the following equation
4π
where h is Planck constant, k B is Boltzmann constant, N A is Avogadro number, n is the number of atoms in the molecule, M is the molecular weight, and ρ is the density. v m is approximately calculated from
where v p and v s are the compressional and shear wave velocities, respectively, which can be obtained from Navier's equation [29] 
III. RESULTS AND DISCUSSION
A. Elasticity
Our calculated c ij of the EuS for two phases at zero pressure and zero temperature are listed in Table I . Our result is consistent with the data from Shapira et al. [21] , but is inconsistent with the value from Rached et al. [14] . In Table II , we present the pressure dependence on the c ij , B, and G of EuS at different pressures. It is shown that c 11 varies substantially under applied pressure compared with the variations in c 12 and c 44 . c 11 represents elasticity in length. A longitudinal strain produces a change in c 11 . c 12 and c 44 are related to the elasticity in shape, which is a shear constant. A transverse strain causes a change in shape without a change in volume. Therefore, c 12 and c 44 are less sensitive to pressure as compared with c 11 . Moreover, B is sensitive to press as compared with G.
As it is known, the elastic constants determine the response of the crystal to external forces. They play an important part in determining the strength of the material. The single crystal shear moduli for the {100} plane along the [010] direction and for the {110} plane along the [110] direction are simply given by
They are listed in Table II of this empirical parameter. For both two phases, when P >10 GPa, the calculated values of the B/G (>1.75) increase with pressures, which means that pressure can improve ductility. The Young's modulus E and Poisson's ratio σ are important for technological and engineering applications. E is defined as the ratio from stress to strain, and is used to provide a measure of the stiffness of the solid, i.e., the larger the value of E, the stiffer the material is. v provides more information about the characteristics of the bonding forces than any of the other elastic constants. The v=0.25 and 0.5 are the lower limit and upper limit for central force solids, respectively. In our case, v increases with the applied pressure for both phases (Table II) . The obtained v values are very close to the value of 0.30 which indicates that the interatomic forces in the EuS are central forces.
The elastic anisotropy of crystals has an important implication in engineering science since it is highly correlated with the possibility to induce microcracks in the materials [31] . The anisotropy factor was evaluated to provide insight on the elastic anisotropy of the EuS. For a completely isotropic material, the A factor takes the value of 1, while values smaller or greater than unity measure the degree of elastic anisotropy. In the wide range of applied pressure, the obtained anisotropy factors are listed in Table II . One can find that the B1- EuS   FIG. 4 The calculated heat capacity CP of B1 structure of EuS vs. temperature T at ambient pressure P . The dashed line data are from phonon dispersion, and the solid line data are from quasi-harmonic Debye model. exhibits low elastic anisotropy at zero pressure and the degree of the anisotropy increases with pressure; for B2-EuS, the degree of the anisotropy decreases with pressure.
The obtained compressional, shear and average wave velocities are illustrated in Fig.3 . It is shown that the v s , v p , and v m increase gradually with pressure. However, v p is more sensitive to pressure than v s and v m .
B. Thermodynamic properties
Through the quasi-harmonic Debye model, the thermodynamic properties of EuS are obtained. The calculated details can be seen in our recent works [32−35] . To test the validity of quasi-harmonic Debye model, we calculated the phonon dispersion of B1-EuS by the linear response method and obtained the thermodynamic properties from the phonon dispersion. Figure 4 shows that heat capacities curves of B1-EuS vs. temperature from different methods fit very well. So, the quasiharmonic Debye model is valid in this work. Figure 5 presents the relation of the isothermal bulk modulus as a function of temperature T up to 800 K at P =0, 30, and 60 GPa, respectively. At lower pressures, the isothermal bulk modulus is nearly a constant when T <200 K, but it drops remarkably when T >200 K, which are in accordance with the relationships between the ratio V /V 0 and T as shown in Fig.1 . It demonstrates that dramatic volume variation leads to the rapid decreases in the isothermal bulk modulus. One can find that the effect of T on the isothermal bulk modulus is less important than that of P on it. The calculated heat capacity C P at constant pressure and heat capacity C V at constant volume with T at different P are shown in Fig.6 . There is little difference between C P and C V at low temperatures. However, at high temperature, the C V approaches to a constant, C P increases monotonously with the increment of the temperature. The values follow the Debye model at low temperature (C V (T )-T 3 ) and the classical behavior (C V (T )-3R for mono-atomic solids) is found at sufficiently high temperatures, obeying Dulong and Petit's Rule. From Fig.6 , one can also see that the heat capacity increases with the temperatures at the same pressure and decreases with the pressures at the same temperature, and the influences of the temperature on the heat capacity are much more significant than that of the pressure on it.
The Debye temperature Θ is a fundamental parameter of a material which is link to many physical proper- ties such as specific heat, elastic constants, and melting point [36] . The Debye temperature and the Grüneisen parameter at various temperatures and different pressures are presented in Fig.7 . Our calculated Debye temperature at T =0 K is 278.51 J/(mol K), which is in agreement with the results of 274.04 J/(mol K) from Eq.(12) and 276 J/(mol K) from Ref. [21] and 280 J/(mol K) from Ref. [37] . From Fig.7 , one can find: (i) When the temperature keeps constant, the Debye temperature increases almost linearly with applied pressures; while the Grüneisen parameter decreases smoothly with pressures. (ii) When the pressure keeps constant, the Debye temperature decreases with the increasing temperatures; while the Grüneisen parameter increases with the increasing temperatures. In virtue of the fact that the effect of increasing pressure on the material is the same as decreasing temperature of the material. (iii) The Debye temperature at the temperature of 800 K is lower than that at 300 K, which shows that the vibration frequency of the particles in EuS changes with the pressures and the temperatures.
The thermal expansion coefficient α with T and P for EuS is presented in Fig.8 . From Fig.8(a) , α increases with T 3 at low temperature and gradually approaches a linear increase at high temperatures and then the increasing trend becomes gentler. The effects of pressure on α are very small at low temperatures; the effects are increasingly obvious as the temperature increases. As P increases, α decreases rapidly and the effects of T become less and less pronounced, resulting in linear high-temperature behaviour. It is noteworthy that the high-temperature dependence of α is not linear at low pressures (0 GPa); this is an indication of the inadequacy of the quasi-harmonic approximation at high temperature and low pressure. It can be found that α converges to a constant value at high temperature and pressure. However, from Fig.8(b) , as the pressure increases, α decreases almost exponentially, and the higher the temperature is, the faster α decreases. It shows that the effect of temperature is much greater than that of pressure on α.
IV. CONCLUSION
The structural properties and phase transition and elastic constants of EuS at high pressure are computed by the ultrasoft pseudopotentials within the generalized gradient approximation in the frame of density functional theory. We carry out total energy calculations over a wide range of volume from 0.6V 0 to 1.2V 0 , and obtain the equilibrium ratio of the normalized volume V /V 0 for a given volume. The obtained pressure dependence on the normalized volume is in excellent agreement with the experimental result.
The aggregate elastic modulus (B, G, E), Poisson's ratio and the shear anisotropic factor A of EuS at high pressure from 0 GPa to 60 GPa considering phase transition are also calculated. An analysis of the calculated parameters reveals the anisotropy in EuS. When P >10 GPa, the calculated values of the B/G (>1.75) increase with pressure, which indicates that pressure can improve ductility. The obtained Poisson's ratios are very close to the value of 0.30, which means that the interatomic forces in the EuS are central forces. The compressional and shear wave velocities, and the Debye temperature are successfully obtained. The experimental values of the sound velocity, Poisson ratio, and Debye temperature under high pressure are not available for comparison yet, but considering the case of Refs. [38, 39] , our predicted data should be credible.
The other thermodynamic properties are predicted using the quasi-harmonic Debye model. It is found that the high temperature leads to a smaller adiabatic bulk modulus, a smaller Debye temperature, a larger Grüneisen parameter, a larger heat capacity, and a bigger thermal expansion coefficient at constant pressure. But the high pressure gives birth to a lager isothermal bulk modulus, a larger Debye temperature, a smaller Grüneisen parameter, a smaller heat capacity, and a smaller thermal expansion coefficient at constant temperature. The thermal expansion coefficient and heat capacity at constant volume are shown to converge to a nearly constant value at high pressures and temperatures. 
